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Abstract

In this study, the performance of mesoporous ZSM-5 has been studied on the esterification of acetic
acid (AA) with benzyl alcohol (BA). The mesoporous ZSM-5 catalyst has been synthesized with the
variation of aging time i.e. 6, 12, and 24 hours at the same temperature, 70 °C. The cation exchange of
Na-ZSM-5 to H-ZSM-5 was performed before the catalytic activity test. The acidity type and amount of
solids were determined by FT-IR spectroscopy using pyridine as a probe molecule. The characterization
by pyridine adsorption showed that at a higher mesoporous surface area, the number of Lewis acid was
increased. The highest mesoporous surface area, Lewis, and Bronsted acid sites were obtained by sam-
ple which has the lowest crystallinity, 1.e. 255.78 m?2/g, 0.2732 mmol/g, and 0.20612 mmol/g, respec-
tively. Influence of mesoporous volume was studied on the catalytic activity of the mesoporous ZSM-5
in the esterification reaction. Conversion of acetic acid in the esterification reaction for samples of
HZ-6, HZ-12, and HZ-24 were obtained by titration methods, i.e. 39.59, 36.39, and 32.90 %, respec-
tively. Hence, the reaction temperature of 393 K, molar ratio 1:4 (AA:BA) and catalyst loading 5 %
were selected as an optimum reaction parameters. Copyright © 2017 BCREC Group. All rights re-
served
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1. Introduction of zeolites is determined by their intrinsic acid-
ity, of both Lewis and Bronsted nature, or by ac-
tive species (mostly metal ions or oxides) that
can be introduced into the zeolite structure.
However, the sole microporosity of zeolites,
which plays a crucial role in their shape selec-
tivity, can also be their biggest drawback [3,4].
The different reaction in esterification of acetic
acid with benzyl alcohol using catalysts of Hp,
HY, and H-ZSM-5 have also been observed [5].
The research showed that in addition to acidity,
% Corresponding Author. pore ze?olite pla}ys a very important role in t‘he

E-mail: didikp@chem.its.ac.id catalytic activity of ZSM-5. Molecules with

Telp.: +6231-5943353; Fax.: +6231-5928314 diameters larger than the framework pore

Zeolites are microporous crystalline alumi-
nosilicate materials well known for their cata-
Iytic and adsorptive activity and selectivity.
They also posses high surface area, high ther-
mal and chemical stability and as such they
have found application in a great number of
processes ranging from petrochemical industry
to environmental separations [1,2]. The activity
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openings are restricted from entering and
approaching the active sites. This imposes sig-
nificant limitations in terms of the range of
reactions that can be efficiently catalyzed.

Introduction of mesoporous into originally
microporous zeolitic structures is one approach
to obtaining the best of both worlds, 1i.e.
creating materials with lower diffusion restric-
tions, which are able to host larger molecular
species, while still retaining desired acidity of
the active sites within the structure [4,5]. Such
microporous/mesoporous zeolites are called
hierarchical, a term which designates a zeolitic
material with at least one additional level of
porosity besides the intrinsic micropore system.
The development of mesopority can be achieved
by both synthetic and post-synthetic routes [6-
8].

Hierarchical synthesis of ZSM-5 has been
developed from kaolin as a source of silica and
alumina, silicalite seed is added as to induced
of ZSM-5 structure and CTABr for mesostruc-
ture [9]. Hierarchical ZSM-5 synthesized with
temperature aging at 70 °C for 6, 12, and 24
hours. The results showed that the longer of
aging time, the crystallinity of ZSM-5 was
increased, but the area and volume of
mesoporous tends to decrease. Furthermore, in
this paper, we describe the correlation
between acidity and crystallinity of mesoporous
ZSM-5 synthesized from Bangka-Belitung’s
kaolin.

In present study, the performance of
H-ZSM-5 mesoporous was evaluated in benzy-
lation of acetic acid (AA) with benzyl alcohol
(BA). The effect of pore size of zeolite H-ZSM-5
mesoporous on the catalytic activity was inves-
tigated. The detailed optimization of process
parameters, such as: molar ratio and catalyst
loading, were also carried out with aim to
maximize AA conversion.

2. Materials and Methods
2.1. Materials

The raw material of kaolin were obtained
from Bangka Belitung (Al4(SisO10)(OH)s, 47 %
Si02 and 22 % Al203), sodium hydroxide
(NaOH pellet, Merck, 99 %), LUDOX (SiOq, Al-
drich, 30 %), and cetyltrimethylammoniumbro-
mide (CTABr, Ci9H42BrN, Merck, 97 %), ammo-
nium acetate (CH3COONH., Merck, >98 %),
benzyl alcohol (CsHsCH2:0H, Merck, 99.5 %),
acetic acid glacial (CHsCOOH, 100 %), aqua
demineralization (aqua DM), pyridine (CsHsN,
Merck, 99.9 %), potassium hydroxide (KOH,
pellet, 85 %), oxalic acid (H2C204, Merck, 99.5
%), ethanol (C2HsO, Merck, 99.9 %), n-hexane

(CéHi14, Merck, 99 %), and phenolptalein indica-
tor (C20H1404, Merck).

2.2. Synthesis of catalysts

The mesoporous ZSM-5 has been synthe-
sized [9]. It has been synthesized by hydrother-
mal method with two stages of crystallization.
The mesoporous ZSM-5 were synthesized in a
starting aluminosilicate gel with the compo-
nents of 10 Na20 : 100 SiO2 : 2 AlxOs: 1800
H20 mol ratio with a various aging time, i.e 6,
12 and 24 h at 70 °C, namely: A-6-70, A-12-70
and A-24-70. In this study, the cationic surfac-
tant was added for mesostructure and seed
silicalite to induce MFT structure.

Na-ZSM-5 mesoporous was weighed as
much as 1.0 gram then was inserted into the
three-neck-flask size 250 mL, then, was added
by 50 mL ammonium acetate 1 M.
Subsequently, the mixture located within the
round flask was connected with reflux and was
heated to a temperature of 60 °C, stirred for 3
hours at a speed of 500 rpm. Once completed,
the mixture was filtered in a round flask with
filter paper to obtain a precipitate. The precipi-
tate was roasted prior to dry and then calcined
at 550 °C for 1 h in N2 and 6 h in air to obtain
H-ZSM-5 [10,11]. Further, the catalysts were
known as HZ-6, HZ-12, and HZ-24.

2.3. Catalyst Characterization

Powder X-ray diffraction (XRD) patterns of
the solids samples were collected on Philips
X’pert XRD instrument with Cu Ka radiation
with a step size of 0.04° and counting time of
10 s. The samples were grinded in agate
mortar before analysis. Data were recorded in
the 26 range of 5-50°. Nitrogen adsorption
isotherms were measured at 77 K after pre-
treatment at 673 K for 4 h under vacuum. The
total surface area was determined by the BET
method, the total pore volume was obtained as
the amount of nitrogen adsorbed at P/P,-0.99,
and the t-pot method was used to distinguish
micropores from mesopores. Fourier transform
infrared (FTIR) spectra of the samples were
recorded on a Shimadzu spectrophotometer
using the KBr pellet technique, in the range of
400-4000 cm-1. Spectra of pyridine adsorbed on
the samples also were recorded on the same
spectrophotometer for acidity study. Before
measurement of pyridine adsorption, the sam-
ples were pressed to thin wafers (around 10
mg/cm?2) and placed into a sample holder. The
sample discs were evacuated at 400 °C for 4 h
in the N2 and cooled to room temperature.
Then 2 drops of pyridine was exposed near the
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discs at room temperature. The adsorption was
carried out at room temperature for 1 h. The
desorption procedure were conducted at 150 °C
for 3 h in order to determine the acidity of
Lewis and Bronsted acid sites by evaluating
the amount of remaining adsorbed pyridine as
temperature increases [12]. The concentrations
of Bronsted (B) and Lewis (L) acid sites were
calculated from the peak areas of adsorbed
pyridine at around 1540 and 1450 cm™1, using
B and L extinction coefficients (k) of 1.88 and
1.42 cm.mmol-1, respectively [13].

Amountof acid (mmol/g)=-2* 10 (1)
k xw

where, B = peak area of Lewis or Bronsted acid
bond (cm'); L = area of disk sample (cm2); and
g = weigh of disk sample (g).

The scanning electron microscopy (SEM)
images were obtained from SEM (ZEISS EVO
MA 10). Dry samples were Pd/Au coated prior
to scanning. Concentration of Si and Al were
determined by means of energy dispersive spec-
troscopy (EDX BRUKER 129 EV).

2.4. Catalytic performance

The synthesized catalysts were evaluated in
benzylation of acetic acid with benzyl alcohol,
which was carried out in a three-necked glass
round bottom flask of 250 mL capacity
equipped with a reflux condenser to prevent
the escape of acetic acid, a thermometer and a
magnetic stirrer. The flask was charged with
acetic acid and benzyl alcohol both weighted
sequentially, followed by the addition of the
catalyst. Then, the system was heated up to
desire temperature (383 K), the reaction was
carried out for 3 h, and finally the product was
collected after removing the catalyst. For deter-
mination of free fatty acids conversion, 1 g
sample was mixed with 5 mL of 96 % ethanol
and 5 mL n-hexane. Then the 3 drops of
phenolphthalein indicator was added and
titrated with 0.1 N KOH solution. Previously,
the KOH has been standardized with oxalic
acid 0.1 N. The titration was stopped when the
color of the solution changes to pink which can
last up to 30 seconds.

%FFA — VKOH X N KOH X I\/"-KOH (1)

weight sample

% FFAinitiaI —%FFA
%FFA

final XlOO%

% Conv =

@)

final

3. Results and Discussion
3.1. Characterization of catalyst

The XRD patterns (Figure 1) shows that all
the investigated samples preserved their MFI
structure. However, the aging time influence
the degree of crystallinity in the mesoporous
samples. The rate of crystallization by aging
more quickly than without aging [14] and the
aging process serves to increase the nucleation,
reducing the induction time and crystallization
[15]. The variations in crystallinity of the
mesoporous ZSM-5 (Table 1) was calculated
based on the relative intensities of the reflec-
tion at 20 of 23°, taking the crystallinity of the
ZSM-5 commercial to be 100 %.

The isotherms of the nitrogen adsorption-
desorption of mesoporous samples are shown in

Intensity (cps)

~ - - — ™ T —— -1
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Figure 1. XRD patterns of the samples a. A-6-
70, b. A-12-70, c. A-24-70

Table 1. The content of intensity and crystallinity of the samples

Sample 26 Intensity Crystallinity (%)
ZSM-5 commercial 23.14° 1813 100
A-6-70 23.04° 218.68 12.06
A-12-70 23.04° 423.44 23.36
A-24-70 23.04° 501.95 27.69
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Figure 2. However, the mesoporous area, pore
diameter, and mesoporous volume are shown in
Table 2. All the isotherms showed type IV
adsorption. As it can be seen from Table 2, the
SBET, Smeso and Vmeso decrease with increasing
ZSM-5 crystallinity. This phenomenon indi-
cates that the crystallization of ZSM-5 occurs
in the core of the mesophase particles, so that
amorphous silica that acts as an intermediate
in the transformation of the mesoporous walls
into ZSM-5, is precipitated on the ZSM-5 crys-
tallites preventing the access of nitrogen into
the pores [16].

The acidity was aimed to determine the
amount of Lewis and Bronsted acid sites of the
samples. Surface acidity analysis was per-
formed using pyridine adsorption and was ana-
lyzed by infrared spectroscopy. The Lewis and
Bronsted acid sites can be known if there is a
peak between 1440-1460 cm-! and 1545-1600
cml. The acidity of the sample H-ZSM-5
mesoporous shown in Figure 3. All samples
have Lewis acid sites (peak appears at
wavenumber of 1442) and Bronsted acid sites

Adsorbate Volume (cm3 g1)

Relative pressure (P/Po)

Figure 2. N2 adsorption-desorption Isotherm of
samples a. A-6-70, b. A-12-70, c¢. A-24-70

(peak appears at wavenumber of 1550). Table 3
shows the amount of the Lewis acid and Bron-
sted acid sites of those samples. Lewis acid
number of the A-6-70 samples is higher than
others. The characterization by pyridine ad-
sorption showed that at the higher
crystallinity, the number of Lewis acid and
Bronsted acid sites were decreased.

In this study, the A-12-70 catalyst has been
selected to be observed its morphology and
mapping (distribution) of the elements
contained using instrument SEM-EDX. The
observation of the surface of the catalyst is
shown in Figures 4-5. In Figure 4 shows the
morphology of the crystal-shaped beam. The
results of SEM characterization were also
obtained an average particle size of approxi-
mately 1 p (1000 nm). The distribution of the
elements contained in the A-12-70 catalyst is
shown in Figure 5. The Figure 5a shows that
the elements of Na, Si, Al, and O were spread
evenly on the catalyst and Figure 5b shows the
EDX spectrum of catalyst.

Absorbance (%)

r g — -~ S —y
GO0 1550 1500 1450 1400

Wave number (cm™!)

Figure 3. FTIR-Pyridine Spectra, a. A-6-70, b.
A-12-70, c. A-24-70

Table 2. Textural properties of mesoporous ZSM-5

Sample Sger (mzlg) Sheso (mz/g) Vineso (CmS/g) Dineso (nm)
A-6-70 816.96 255.78 0.31 3.84
A-12-70 709.45 120.86 0.22 3.83
A-24-70 696.64 88.48 0.18 3.84
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Figure 4. A-12-70 morphology using SEM
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Figure 5. Mapping of A-12-70 catalyst (a) and EDX spectrum of A-12-70 (b)
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Table 3. The amount of Lewis and Bronsted acid

Sample Surface area  Crystallinity Amount of Lewis Amount of Bronsted
P (m2/g) (%) acid sites (mmol/g) acid sites (mmol/g)
A-6-70 255.78 12.06 0.27322 0.20612
A-12-70 120.86 23.36 0.19075 0.18898
A-24-70 88.48 27.69 0.08713 0.30956
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3.2. Catalytic activity

3.2.1. Effect of catalyst properties on benzyla-
tion

Initial experiments were carried at 383 K,
1:4 (AA to BA) molar ratio, catalyst loading of 5
% (wt.% of AA), and reaction time of 3 h. The
HZ-6 was found to be potential catalyst with
higher AA conversion of 37 % which 1is
attributed to the high acidity and pore volume
of 0.31 cm3.g-t (Figure 6). Hence, the detailed
optimization of process parameters was carried
out for benzylation of AA with BA over HZ-6.

3.2.2. Influence of molar ratio

Benzylation of AA with BA was carried out
by varying the molar ratio of AA to BA from 1:2
to 1:6 over HZ-6 to assess its effect on the cata-
Iytic activity. The effect of mole ratio over the
conversion can be attributed with the occu-
pancy of alcohols over the active sites and the

39.50%

36.39%
I I 32.90%
HZ-6

HZ-12 HZ-24
Catalyst

Figure 6. Benzylation of AA with BA over HZ-
6, HZ-12 and HZ-24 at molar ratio (AA:BA) of
1:4, catalyst loading of 5 %, reaction tempera-
ture of 383 K and reaction time of 3 h
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Figure 7. Influence of molar ratio on benzyla-
tion AA with BA over HZ-6 at catalyst loading
10 %, reaction temperature of 383 K and reac-
tion time of 3 h

availability of acid molecules for further esteri-
fication. The conversion of AA was found
increase from 25 to 39 % with an increase in
reactant molar ratio from 1:2 to 1:4 (Figure 7).
The conversion of AA significantly decreases
its molar ratio from 1:4 to 1:6. Although the
increase in alcohol content might be expected
to increase the conversion, there might be dilu-
tion of acetic acid by increased alcohol
contents, thereby preventing acetic acid
adsorption on Bronsted acid sites [17]. Thus,
all the further reactions were performed with a
molar ratio (AA:BA) of 1:4.

3.2.3. Influence of catalyst loading

The effect of catalyst loading on the reaction
was evaluated by varying the catalyst from 2.5
to 10 % (wt.% of AA). The AA conversion was
found increasing from 32 to 37 % with increase
in catalyst loading from 2.5 to 5 % (Figure 8).
Increasing conversion with increase in the
catalyst amount is due to the availability of
large surface area, which favors the dispersion
of more active species. Therefore, accessibility
of the large molecule of the reactant to the
catalyst active site is favored [17]. Further
increase in catalyst loading, the AA conversion
was found to be decreased. The 5 % catalyst
loading was observed to be optimum with AA
conversion of 37 %.

3.2. Mechanism for benzylation reaction

The catalytic mechanism for synthesis of
benzyl acetate by benzylation of AA with BA is
proposed in Scheme 1. The reaction mechanism
follows Fischer esterification involving several
steps: starts with adsorption of AA on Bronsted
acid sites present on the catalyst surface,

40.00%,
30.00%

20.00%

15.00%

Conversion

10.00%

0.00%
loading 2.5% loading 5% loading 10%

Catalyst Loading

Figure 8. Influence of catalyst loading on ben-
zylation AA with BA over HZ-6 at molar ratio
1:4, reaction temperature of 383 K and reac-
tion time of 3 h
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forming an intermediate of protonated AA,
which increases the electrophilicity of carbonyl
carbon [18,19]. The H-ZSM-5 mesoporous cata-
lyst facilitates the protonation of the carbonyl
oxygen atom, due to large pore volume, which
eliminates steric hindrances among framework
and substituted groups. Nucleophilic oxygen
atom from BA attracts the carbonyl carbon
which forms an oxonium ion. The transfer of
proton in an oxonium ion leads to formation of
a new oxonium ion, with the losing molecule of
water from last oxonium ion and followed by
deprotonation forms the benzyl acetate, with
the regeneration acid site on the surface of
catalyst (Scheme 1).

4. Conclusions

Mesoporous ZSM-5 has been successfully
synthesized from kaolin Bangka Belitung and
colloidal silicate as aluminum and silicon
source. Characterization using XRD results
showed that the degree of crystallinity
decreases with increasing mesopority. Nitrogen
adsorption-desorption results showed that the
longer of aging time, the surface area, and

ﬁ
H
C + |
\
ch/ OH i
Acetic acid H-Z5M-5 Mesoporous

'
TN

HsCC—OH CH50H

- —O—
-+

i

Benzyl alcohol

O—=,

H3CC—OH
T
11

|
e

volume of mesoporous tends to decrease.
Characterization by pyridine adsorption
showed that the higher crystallinity, the num-
ber of Lewis acid sites were decreased. The
highest mesoporous surface area and Lewis
acid sites was obtained by sample which have a
lowest crystallinity, i.e. 255.78 m2/g and 0.2732
mmol/g, respectively. The benzylation of acetic
acid (AA) with benzyl alcohol (BA) has been
carried out over zeolites H-ZSM-5 (HZ-6, HZ-12
and HZ-24). The AA conversion was in the
order of HZ-6 > HZ 12 > HZ-24. This mi-
cro/meso-HZSM-5 can be regarded as
promising heterogeneous acid catalyst to
improve the selectivity of desired mono-
benzylated product in aromatic benzylation
and has potential application for chemical and
pharmaceutical industry.
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